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Effect of Overall Charge and Charge Distribution on Cellular
Uptake, Distribution and Phototoxicity of Cationic Porphyrins in
HEp2 Cells
Timothy J. Jensen, M. Graça H. Vicente1, Raymond Luguya, Jolanna Norton, Frank R
Fronczek, and Kevin M. Smith
Department of Chemistry, Louisiana State University, Baton Rouge LA, 70803, USA

Abstract

NIH-PA Author Manuscript

Five cationic porphyrins bearing one to four -N(CH3)3+ groups linked to the p-phenyl positions of
5,10,15,20-tetraphenylporphyrin (TPP) were synthesized in order to study the effect of overall
charge and its distribution on the cellular uptake, phototoxicity and intracellular localization using
human carcinoma HEp2 cells. The di-cationic porphyrins DADP-o and DADP-a accumulated the
most within cells and preferentially localize within vesicular compartments and in mitochondria.
Of these two only DADP-a was phototoxic to the cells (IC50 = 3 µM at 1 J/cm2). The monocationic porphyrin MAP was found to be the most phototoxic of the series, and it localized mainly
in lipid membranes, including the plasma membrane, ER, mitochondria, and Golgi. Both the tricationic porphyrin TRAP and the tetra-cationic porphyrin TEAP localized subcellularly mainly in
the mitochondria, but of the two only TEAP showed moderate phototoxicity (IC50 = ~8 µM at 1 J/
cm2). Our results suggest that MAP is the most promising PDT photosensitizer, and that both
DADP-o and TRAP might find application as transport vehicles for therapeutics into cells.
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1. Introduction
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Porphyrins and their derivatives have been extensively studied in the past decades for
application as sensitizers in photodynamic therapy (PDT)[1,2] and, more recently, in the
boron neutron capture therapy (BNCT) [3,4] of tumors. PDT and BNCT are both localized
therapeutic modalities that involve the activation of a non-toxic tumor-localized sensitizer
with red light (in PDT) or with low-energy neutrons (in BNCT). The main cytotoxic species
formed in PDT is believed to be highly transient 1O2, while in BNCT the high linear energy
transfer particles 4He2+ and 7Li3+ are generated upon capture of a neutron by a 10B nucleus.
Since the mean distances of travel through tissue of these species are very short (less than a
cell diameter), both PDT and BNCT have the potential to be highly selective for malignant
tissue, thus minimizing the treatment side effects. Among all proposed sensitizers, cationic
porphyrin derivatives have received special attention since they can potentially interact with
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anionic DNA and RNA via external binding and/or intercalation, thus causing efficient cell
destruction upon irradiation [5–9]. In addition, cationic porphyrins have also been used in
the photoinactivation of bacteria (both Gram-positive and Gram-negative) [10–14], viruses
[15–17] and other pathogens [18–23]. Positively-charged porphyrins are believed to
electrostatically interact with the negative charges present on tumor cell membranes and
bacterial surfaces, facilitating their penetration through membranes and consequently their
PDT efficacy [24]. Furthermore, cationic porphyrins have been shown to bind to anionic
regions on proteins, such as human serum albumin (HAS), and this might play an important
role in their transport and preferential accumulation in tumor tissue [25,26]. In addition to
targeting plasma membranes [27–30], the cell mitochondria [31–34], lysosomes [33–36], ER
[34,37] and nuclei [38] are important primary and/or secondary (upon PDT-induced
relocalization) subcellular targets for cationic porphyrins. The number and distribution of
the positive charges about the porphyrin macrocycle is known to affect their preferential
sites of localization and photodynamic efficacy [27,33,39–41]. Amphiphilic molecules
containing both hydrophobic and hydrophilic (charged) sites at the macrocycle periphery
generally display higher biological efficacy, possibly because of their enhanced affinity for
lipid/aqueous interfaces and consequently improved membrane permeability.
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In this study, we examined the role of increasing cationic charge in the form of sequential N-(CH3)3+ moieties added to a 5,10,14,20-tetraphenylporphyrin (TPP) macrocycle and their
distribution, on cellular uptake, intracellular localization, and on phototoxicity.

2. Experimental
All solvents and starting materials were purchased from Fisher Scientific or from Sigma
Aldrich, and were used without further purification. Reactions were monitored by thin layer
chromatography and spectrophotometry. Electronic absorption spectra were measured using
a Perkin Elmer Lambda 35 spectrophotometer and fluorescence spectra using a Perkin
Elmer LS55 luminescence spectrometer. 1H NMR spectra were obtained in
deuterochloroform or acetone-d6 solution, using a Brucker 250 or 400 MHz spectrometer;
chemical shifts are expressed in ppm relative to chloroform (7.26 ppm) and/or TMS (0
ppm). Mass spectra were obtained at the mass spectrometry facility at Ohio State University,
Ohio, USA. The synthesis of 5-mono-, 5,10-bis-, 5,15-bis- and 5,10,15-tris-(4aminophenyl)porphyrins have been previously reported by us [42]. We have also reported
the preparation of 5,10-di[(4-(N-trimethylaminophenyl)-15,20-diphenylprophyrin (DADP-a)
and 5,15-di[(4-(N-trimethylaminophenyl)-10,20-diphenylprophyrin (DADP-o) [33].
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For the cell culture experiments, all tissue culture media and reagents were obtained from
Invitrogen. Human HEp2 cells were obtained from ATCC and maintained in a 50:50
mixture of DMEM:Advanced MEM containing 5% FBS. The cells were sub-cultured
biweekly to maintain sub-confluent stocks.
2.1. 5-[4-(N-trimethylaminophenyl)-10,15,20-triphenylporphyrin (MAP)
The title compound was prepared using a similar method to that previously described in
literature (the alkylation reaction was performed at room temperature overnight rather than
at 45 °C for 5 h, and diisopropylamine was used as co-solvent) and its spectroscopic data
were in agreement with these reports [43,44].
2.2. 5,10,15-Tris[4-(N-trimethylaminophenyl)-20-phenylporphyrin (TRAP)
5,10,15-Tris(4-aminophenyl)-20-phenylporphyrin (24 mg, 0.0365 mmol), diisopropylamine
(0.06 mL, 0.428 mmol) and methyl iodide (0.6 mL, 9.638 mmol) were dissolved in 1.8 mL
of dry DMF under nitrogen. The mixture was allowed to stir at room temperature over 4
days and upon addition of acetone a solid precipitated. The solid material was filtered and
J Photochem Photobiol B. Author manuscript; available in PMC 2011 August 25.
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washed with acetone and dichloromethane to remove impurities. The solid material
collected was dried to give 17 mg (40%) of the alkylated title compound; MS (ESI) m/z
263.03 (M+); 1H-NMR ((CD3)2SO) δ ppm: −2.96 (br,2H) 3.92 (s, 18H), 7.85 (m, 3H),
8.21(m, 2H), 8.43 (d J= 9.1 Hz, 6H), 8.50 (d J= 9.0 Hz, 6H) 8.87 (m, 8H). UV-Vis (Ethanol)
λmax: 412 nm (ε 406,000), 510 (16,200), 543 (5,800), 586 (4,900) and 642 (2,400). Anal.
Calcd for C53H54N7I3(H2O)3/2: C, 51.62; H, 4.99; N, 7.96. Found: C, 51.30; H, 4.72; N,
7.61.
2.3. 5,15,10,20-Tetrakis[4-(N-trimethylaminophenyl)-porphyrin (TEAP)
5,10,15,20-Tetrakis(4-(aminophenyl)porphyrin (20 mg, 0.297 mmol), diisopropylamine
(0.08 mL, 0.571 mmol) and methyl iodide (0.28 mL, 4.498 mmol) were dissolved in 0.5 mL
of dry DMF and stirred at room temperature over 4 days under argon. Upon addition of
acetone a solid precipitated which was filtered and extensively washed with acetone and
dichloromethane and then dried to give 29 mg (72%) of the title product; MS (ESI) m/z
211.56 (M+); 1H-NMR ((CD3)2SO) δ ppm: −2.97 (br, 2H) 3.93 (s, 18H), 8.43 (d J= 9.2 Hz,
8H), 8.49 (d J= 9.1 Hz, 8H) 8.87 (s, 8H). UV-Vis (Ethanol) λmax: 412 nm (ε 300,000), 509
(16,400), 542 (6,300), 586 (5,500) and 642 (2,600). Anal. Calcd for C56H63N8I4(H2O)12: C,
42.77; H, 5.58; N, 7.13. Found: C, 42.68; H, 4.36; N, 7.11.
2.4. Crystal structure
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The crystal structure of DADP-o hydrate was determined, using data collected at T=105K to
θ=22.4° with MoKα radiation on a Nonius KappaCCD diffractometer. Crystal data:
[C50H46N6] I2 . 2 H2O, orthorhombic space group Pbca, a = 9.139(14), b = 12.431(8), c =
40.15(5) Å, V = 4561(9) Å3, Z=4, R=0.104 (F2>2σ), Rw=0.227 (all F2) for 2408 unique
data and 111 refined parameters. Crystal quality was limited, and only the iodine could be
refined as anisotropic. Three group isotropic displacement parameters were refined for C
and N atoms. The N(CH3)3 groups are disordered into two conformations, and water H
atoms could not be located. CCDC 770959.
2.5. Time-dependent cellular uptake
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The human HEp2 cells were maintained in a 50:50 mix of αMEM:Advanced MEM + 5%
Fetal Bovine Serum (FBS) in a humidified, 5% CO2 incubator at 37 °C. HEp2 cells were
seeded at 10,000 cells per well in a 96 well plate and allowed to attach overnight. Porphyrin
stocks were prepared in DMSO at 10 mM and diluted ten fold into DMSO before diluting
100X into medium (giving 10 µM porphyrin and 1% DMSO). The cells were then exposed
to porphyrin for specific periods of time. At the end of the incubation time, the loading
medium was removed, the cells were washed with PBS, and solubilized with 0.25% Triton
X-100 in PBS. The intracellular accumulation of porphyrin was determined by measuring
the compound’s fluorescence emission of the porphyrin using a FluoStar Optima plate
reader (BMG, Chicago,IL) and excitation/emission wavelengths of 410 nm and 650 nm,
respectively. The cell numbers were measured using the CyQuant Cell Proliferation Assay
(Molecular Probes) and the uptake was expressed in terms of µM compound per 1000 cells.
2.6. Dark Cytotoxicity
The HEp2 cells were plated as described above and allowed to attach overnight. The
porphyrins were then added as described for the uptake assay at concentrations ranging from
500 µM to 31 µM, and allowed to incubate for 24 hours. Cell toxicity was measured using
the Cell Titer Blue assay (Promega) as per manufacturer’s instructions, by reading the
fluorescence at 520/584nm using a BMG FLUOstar plate reader. The signal was normalized
to 100% viable (untreated) cells and 0% viable (treated with 0.2% saponin from Sigma)
cells.
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The HEp2 cells were prepared as described above for the dark cytotoxicity assay, treated
with porphyrin concentrations of 0, 1.25, 2.5, 5, and 10 µM and incubated for 24 h. The
medium was removed and the cells washed twice with growth medium and fed 100 µL of
medium containing 50 mM HEPES pH 7.4. The cells were then placed on ice and exposed
to light from a 100 W halogen lamp filtered through a 610 nm long pass filter (Chroma) for
20 minutes. An inverted plate lid filled with cold water to a depth of 5 mm acted as an IR
filter. The total light dose was approximately 1 J/cm2. The cells were returned to the
incubator overnight and assayed for toxicity as described above for the dark cytotoxicity
experiment.
2.8. Intracellular localization
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The HEp2 cells were seeded onto Lab-Tek II, 2-chamber coverglass and incubated for 24
hours. Compound was then added to a final concentration of 10 µM. Cells were incubated in
the dark for 30 minutes to 24 hours, then washed with drug-free medium and fed medium
containing 50 mM HEPES pH 7.2. Coverslips were examined using a Zeiss Axiovert 200M
inverted fluorescence microscope fitted with standard FITC and Texas Red filter sets
(Chroma Technologies, Rockingham,VT). For co-localization experiments, organelle
specific stains were obtained from Molecular Probes: lysosomes were visualized with
LysoSensor at 50 nM, ERTracker or DIOC6 were used to visualize the ER (50 nM or 5 µM
respectively), Mitochondria were stained using MitoTracker at 250 nM, and Golgi were
visualized using BODIPY- Ceramide at 250 nM. The organelle tracers were diluted in
medium and the cells were incubated concurrently with porphyrin and tracers for 30 minutes
before washing and microscopy. Fluorescence microscopy was performed using a Zeiss
Axiovert 200 inverted fluorescence microscope fitted with standard FITC and Texas Red
filter sets (Chroma). The images were aquired with a Zeiss Axiocam MRM CCD camera
fitted to the microscope.

3. Results
3.1. Syntheses and structural characterization
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The five cationic porphyrins (Figure 1) bearing one (MAP), two adjacent (DADP-a), two
opposite (DADP-o), three (TRAP) or four (TEAP) positive charges were synthesized by
direct nitration of TPP using NaNO2/TFA, as previously reported [42]. Reduction of the
nitro groups to amino with SnCl2/HCl gave the corresponding amino-TPP derivatives in 21–
54% overall yields. The quaternization of the amino groups was accomplished using methyl
iodide in the presence of diisopropylamine, in 40–72% yields. All porphyrins were
characterized by 1H-NMR, MS, UV-Vis, and elemental analyses, and in the case of DADP-o
by X-ray crystallography (Figure 2).
3.2. Time-dependent uptake
The cellular uptake studies using this series of cationic porphyrins (Figure 1) showed
remarkably different uptake patterns, as shown in Figure 3. Among this series of porphyrins,
DADP-a accumulated the most within cells, followed by its regioisomer DADP-o. On the
other hand, the tetra-cationic TEAP was found to accumulate the least at long time points (>
8 h), whereas as shorter time points MAP was the least taken-up by cells. While the cellular
uptake of TRAP and TEAP reached a plateau after ~ 4 h, that of MAP, DADP-a and DADPo continually increased overtime during the period investigated, although the amount of
MAP found within cells after 24 h was approximately one fourth that of DADP-a.
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The dark and light cytotoxic effects of this series of cationic porphyrins varied considerably
with the overall charge and its distribution. As seen in Figure 4, DADP-a showed the highest
dark toxicity with a determined IC50 of 25 µM, followed by MAP (75 µM), TRAP (175
µM), TEAP (230 µM) and DADP-o (445 µM). It is interesting to note the significantly
higher dark cytotoxic effect of DADP-a in comparison with the other porphyrins, while
DADP-o was found to be the least toxic in the dark, even though its subcellular
accumulation was only slightly lower than that of DADP-a. Therefore cytotoxicity does not
appear to be directly related to the amount of porphyrin sequestered within the cells.
On the other hand, upon activation with low light dose (1 J/cm2) MAP was found to be the
most phototoxic with a calculated IC50 of 2 µM, closely followed by DADP-a at 3 µM
(Figure 5). TEAP was moderately phototoxic with an IC50 of 8 µM, while DADP-o and
TRAP showed no phototoxicity at the concentrations tested (up to 10 µM).
3.4. Intracellular localization
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The subcellular localization of the cationic porphyrins was investigated using fluorescence
microscopy and the results obtained are shown in Figures 6–11. The organelle specific
fluorescent probes ERTracker (ER), LysoSensor Green (lysosomes), Mitotracker Green
(mitochondria) and BODIPY Ceramide (Golgi) were used in the overlay experiments (the
orange yellow color indicates colocalization).
MAP was found to localize in the membranous compartments of the cells, including the
plasma membrane, ER, mitochondria, and Golgi, as seen in Figure 6. On the other hand,
DADP-a (Figure 7) and DADP-o (Figure 8) both showed a preference for mitochondria.
However, DADP-a also tended to accumulate in large aggregates, some of which seem to
associate with vesicles, such as lysosomes. The tri-cationic TRAP (Figure 9) and tetracationic TEAP (Figure 10) accumulated in vesicles to a lesser degree than DADP-a while
still maintained a strong association with the mitochondria.
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In a cellular uptake study conducted over time using fluorescence microscopy (data not
shown), we observed that MAP and DADP-a both strongly stained the plasma membrane of
the cell within 30 minutes (Figure 11). With the exception of DADP-o, all other porphyrins
showed some initial association with the plasma membrane before internalization and
subsequently mitochondrial localization. In the case of MAP, the staining gradually spread
to the interior membranous compartments. On the other hand, for all other porphyrins a
punctate pattern appeared, followed by staining of the mitochondria. While DADP-a seemed
to form large aggregates or assemblies during internalization before spreading to the
mitochondria, and possibly as a consequence the appearance of DADP-o in the mitochondria
occurred earlier than with DADP-a.

4. Discussion
4.1. Syntheses
Several methodologies have been used for the preparation of cationic porphyrins, the most
common rely on quaternization of amino- or pyridinium-substituted porphyrins with alkyl
halides [33,35,43–45]. Since amino-substituted porphyrins can be readily obtained in multigram amounts by a two-step, one-pot reaction involving direct and selective nitration of the
para-phenyl positions of TPP followed by reduction [42], porphyrins in Figure 1 were all
prepared using this methodology, followed by quaternization using methyl iodide
[33,43,44]. The structures of the two regioisomers DADP-a and DADP-o were assigned
based on their UV-Vis, 1H-NMR and crystal structure (Figure 2). DADP-o is a more
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symmetrical molecule, showing only two types of β-protons in the 1H-NMR spectrum (1:1
ratio) rather than three signals as observed for DADP-a (1:2:1 ratio) [33]. Furthermore the
absorption bands of DADP-o typically have larger extinction coefficients than those of
DADP-a, probably as result from electrostatic repulsion between the two adjacent positive
charges and macrocycle distortion in DADP-a. Figure 2 shows the molecular structure of
DADP-o. The dication lies on an inversion center in the crystal, and the 24-atom porphyrin
core is essentially planar, exhibiting mean deviation 0.03 Å from coplanarity, with a
maximum deviation of 0.05(1) Å. The two independent phenyl groups form dihedral angles
of 64.7(4)° (substituted) and 58.8(3)° (unsubstituted) with the porphyrin plane.
Although the hydrophobic character of this series of cationic porphyrins was not determined
in this study, we believe it decreases with increasing number of positively charged groups at
the porphyrin periphery, as previously observed [30,41], in the order MAP > DADP-o ~
DADP-a > TRAP > TEAP.
4.2. Cellular Studies
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Our results demonstrate that the biological properties of cationic porphyrins bearing
different number and distribution of trimethylammonium groups varies significantly.
Cationic charge(s) at the molecule periphery can be used to not only to target cellular
membranes, but also intracellular components such as the mitochondria, which are
considered one of the most important subcellular sites for targeted therapeutic agents in
cancer treatment [27,34,46,47]. The number and distribution of cationic groups and the
overall molecule charge are known to influence the hydrophobic character of these
compounds, as well as their ability for association with potential carriers, interaction with
cellular membranes, and ultimately their biological efficacy. MAP, bearing only one
cationic group, has a strongly polarized charge distribution and it is believed to have the
highest relative hydrophobic character of this series of porphyrins (Figure 1). The cationic
group in MAP facilitates binding to the cell plasma membrane, while the predominant
hydrophobic nature of the porphyrin allows it to penetrate the lipid membrane, and to other
membranous compartments of the cell, as observed by microscopy (Figures 6 and 11). Our
results are in agreement with previous studies showing that mono-cationic sensitizers target
plasma membranes [28–30]. Therefore, the subcellular distribution of MAP within several
biologically significant compartments is believed to be the major cause of its high
phototoxicity, the highest of this series of porphyrins, as shown in Figure 5. In addition
MAP was found to have the highest ratio (~38) of dark cytotoxicity/phototoxicity of this
series of porphyrins and is therefore the most promising of this series for use as PDT
photosensitizer.
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DADP-a, bearing two positive charges on adjacent meso-phenyl groups, also has a strongly
polarized charge distribution and amphiphilicity, which might be responsible for its
significantly higher uptake within cells. Previous studies have suggested that the
amphiphilic nature conferred by adjacent cationic charges at the periphery of porphyrin
macrocycles facilitate membrane penetration as a consequence of enhanced affinity for lipid/
aqueous interfaces and hydrophobic/hydrophilic interactions [33,36,39–41]. However,
DADP-a is also prone to aggregation, which results in large amount of compound
accumulating within the cell in addition to mitochondria localization, as observed by
microscopy. The large amount of DADP-a accumulated within cells (Figure 3) and its
partial localization in mitochondria are believed to be the main causes of its observed high
phototoxicity (Figure 5). Furthermore, a relatively low ratio (~8) of dark cytotoxicity/
phototoxicity was found for this porphyrin, thus making it less promising for application in
PDT compared with MAP. The high dark toxicity observed for DADP-a could be due to its
partial incorporation within cell nuclei, although our microscopy results provide no evidence
for penetration of any of the photosensitizers into the cell nucleus.
J Photochem Photobiol B. Author manuscript; available in PMC 2011 August 25.
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While DADP-o (Figure 2) has the same overall charge as DADP-a, its charge distribution is
different and consequently we expected different biological activity, as previously reported
[33]. While the di-cationic nature of this molecule still facilitates binding to the cell surface
and subsequent internalization, its lower amphiphilicity might be the main factor responsible
for its lower cellular uptake compared with DADP-a (Figure 3). Furthermore, DADP-o
showed no phototoxicity at concentrations up to 10 µM and the lowest dark toxicity of this
series of porphyrins. Although it is desirable to reduce side effects of a phototherapeutic
agent by minimizing its dark toxicity while maximizing its dark cytotoxicity/phototoxicity
ratio, the observed low phototoxicity of DADP-o attenuates its usefulness as PDT
photosensitizer. However, a potential application of this compound is as delivery vehicle for
therapeutic compounds, for example oligonucleotides, to targeted cells (vide infra). It is
certainly interesting to note that DADP-o bearing the two positive charges on opposite
meso-phenyl rings shows completely different cytotoxicity (Figures 3 and 4) and subcellular
distributions (Figure 8) as those observed for DADP-a (Figure 7), indicating that not only
charge but also its spatial distribution play a major role in mitochondrial targeting, in
agreement with previous reports [32,33]. In our previous studies we observed a
mitochondrial preference for DADP-a and a lysosomal preference for DADP-o, 30 min after
incubation with Murine L1210 suspension cells [33]. Our present results confirm these
findings and further investigate the preferential sites of subcellular localization at both short
and long (up to18 h) time points, using human HEp2 adherent cells, revealing the
mitochondrial localization of DADP-o as well as the punctate lysosomal signal seen in the
previous studies.
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TRAP and TEAP, bearing 3 and 4 positive charges, respectively, showed good localization
to the mitochondria, as seen in Figures 9 and 10. However they showed significant lower
cellular uptake and phototoxicity compared with MAP and DADP-a, probably as a result of
decreasing hydrophobic character and amphiphilicity. The low dark-and phototoxicity
observed for these compounds, in particular DADP-o and TRAP, along with their strong
affinity for the cell mitochondria make them good candidates to act as transport agents for
the delivery of therapeutics into cells, and in particular the mitochondria. Indeed several
cationic porphyrins, containing either two positive charged groups on opposite sides of the
macrocycle or four positive charges symmetrically distributed, have been found to be
excellent delivery vehicles for oligonucleotides into cells [48,49]. Nucleic acid-based
therapies are limited by the poor penetration of polyanionic and hydrophilic oligonucleotides
into cells, and the use of delivery vehicles such as cationic lipids and/or polyamines is often
associated with increased toxicity. Cationic porphyrins of low toxicity could be used as an
alternative and potentially highly effective method for the delivery of oligonucleotides
intracellularly. The combination of cationic charge and lipophilic character has been widely
used to facilitate the delivery of peptides and small molecules into cells [50]. Cationic
porphyrins such as DADP-o could potentially mimic mitochondrial localization signaling
(MLS) sequences that are often characterized by clusters of positively charged amino acids
as well as hydrophobic residues, and therefore be used as delivery agents into cell
mitochondria. In fact, we have previously reported that cationic porphyrins bearing either a
guanidinium or a biguanidinium group were more effective at targeting the cell
mitochondria than a porphyrin-MLS conjugate [34].

5. Conclusions
A series of cationic porphyrins bearing one to four -N(CH3)3+ groups was synthesized in
good overall yields and their biological properties were investigated in human HEp2 cells.
The extent of their cellular uptake was dependent on their amphiphilicity, rather than
hydrophobic character. The dark- and photo-toxicity varied greatly among this series of
porphyrins; the most phototoxic compound was MAP, followed by DADP-a and TEAP. All
J Photochem Photobiol B. Author manuscript; available in PMC 2011 August 25.
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compounds were found to target the mitochondria as well as, to some extent, the lysosomes.
MAP showed a unique affinity for localization in the membranous compartments of the cells
and the highest dark/phototoxicity ratio, and therefore is the most promising candidate for
PDT applications. On the other hand, DADP-o and TRAP were the least toxic to cells and
can therefore find application as delivery agents for therapeutics into human cells,
particularly the mitochondria.
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Figure 1.

Structures of MAP, DADP-a, DADP-o, TRAP and TEAP
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Figure 2.

Structure of the DADP-o dication.
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Figure 3.

Time-dependent uptake of cationic porphyrins MAP (black), DADP-a (red), DADP-o
(green), TRAP (blue) and TEAP (purple) at 10 µM by HEp2 cells.
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Figure 4.

Dark toxicity of cationic porphyrins MAP (black), DADP-a (red), DADP-o (green), TRAP
(blue) and TEAP (purple) toward HEp2 cells using the CellTiter Blue assay.
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Figure 5.

Phototoxicity of cationic porphyrins MAP (black), DADP-a (red), DADP-o (green), TRAP
(blue) and TEAP (purple) toward human HEp2 cells at 1 J/cm2 light dose using the CellTiter
Blue assay.
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Figure 6.

Subcellular localization of MAP in HEp2 cells at 10 µM for 18 h. (a) Phase contrast
(b,e,h,k,n) MAP fluorescence; (c) overlay of phase and compound; (d) LysoSensor (f)
LysoSensor-compound overlay; (g) MitoTracker; (i) MitoTracker-compound overlay (j)
ERTracker; (l) ERTracker-compound overlay; (m) BODIPY Ceramide; (o) BODIPY
Ceramide-compound overlay. Scale bar: 10 µm.
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Figure 7.

Subcellular localization of DADP-a in HEp2 cells at 10 µM for 18 h. (a) Phase contrast
(b,e,h,k,n) MAP fluorescence; (c) overlay of phase and compound; (d) LysoSensor (f)
LysoSensor-compound overlay; (g) MitoTracker; (i) MitoTracker-compound overlay (j)
ERTracker; (l) ERTracker-compound overlay; (m) BODIPY Ceramide; (o) BODIPY
Ceramide-compound overlay. Scale bar: 10 µm.

J Photochem Photobiol B. Author manuscript; available in PMC 2011 August 25.

Jensen et al.

Page 18

NIH-PA Author Manuscript
NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 8.

Subcellular localization of DADP-o in HEp2 cells at 10 µM for 18 h. (a) Phase contrast
(b,e,h,k,n) MAP fluorescence; (c) overlay of phase and compound; (d) LysoSensor (f)
LysoSensor-compound overlay; (g) MitoTracker; (i) MitoTracker-compound overlay (j)
DIOC6; (l) DIOC6-compound overlay; (m) BODIPY Ceramide; (o) BODIPY Ceramidecompound overlay. Scale bar: 10 µm.
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Figure 9.

Subcellular localization of TRAP in HEp2 cells at 10 µM for 18 h. (a) Phase contrast
(b,e,h,k,n) MAP fluorescence; (c) overlay of phase and compound; (d) LysoSensor (f)
LysoSensor-compound overlay; (g) MitoTracker; (i) MitoTracker-compound overlay (j)
ERTracker; (l) ERTracker-compound overlay; (m) BODIPY Ceramide; (o) BODIPY
Ceramide-compound overlay. Scale bar: 10 µm.
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Figure 10.

Subcellular localization of TEAP in HEp2 cells at 10 µM for 18 h. (a) Phase contrast
(b,e,h,k,n) MAP fluorescence; (c) overlay of phase and compound; (d) LysoSensor (f)
LysoSensor-compound overlay; (g) MitoTracker; (i) MitoTracker-compound overlay (j)
DIOC6; (l) DIOC6-compound overlay; (m) BODIPY Ceramide; (o) BODIPY Ceramidecompound overlay. Orange yellow color in overlay indicates colocalization. Scale bar: 10
µm.
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Figure 11.

Short (30 minute) exposure of HEp2 cells to porphyrins reveals the compound associating
with plasma membrane (arrows) in all cases except DADP-o. The low contrast of these
images is due to the short uptake time and low amount of compound that was able to
accumulate.
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